It is also observed that these drives show chaos for significantly large ranges of parameter values. Control of chaos helps to use the whole domain of parameters space of the drive so that the drive shows normal period-l behavior for whole range of parameter space.
INTRODUCTION
There is a myth that all oscillations are periodic in nature. But nonlinear systems show oscillatory behavior for certain parameter values that are not periodic but bounded in the phase plane. This behavior is inherent to a nonlinear system. This aperiodic behavior is not due to any noise or any external interference. This behavior is called chaotic. Hence chaos is aperiodic long-tenn behavior of a system having definite mathematical formulation. The positive Lyapunov exponents of the chaotic system quantify the existence of chaos.
PMDC motors are useful in a range of applications. To name a few, it is used in battery powered device like wheel chair, power tools, conveyors, door openers and pumping equipments.
K.T Chau et al have studied the bifurcation and chaos in voltage controlled PMDC drives. [I] . Similar study with current controlled PMDC motor has been perfonned by lH Chen el al with simulation and experimental validation [2] . DC series motor also has very wide applications in electric traction. The detailed study of dynamics of DC series motor has been reported. [3, 4] .
The strange attractor of a chaotic system is a collection of infinite periodic orbits embedded in the system's the phase plane. All these periodic orbits are in the unstable state. As for example, the trajectory in the chaotic attractor comes very near to period-I orbit and goes away with time without becoming 978-1-4673-6676-2/15/$31.00 ©20 15 IEEE UrmilaKar National Institute of Technical Teachers' Training and Research Kolkata-700 106, India urmilakar@rediffinail.com stable period-I orbit. The same is observed for other period-P orbits. This characteristic of chaotic system makes it possible to stabilize any unstable periodic orbit with application of tiny change of parameters or by introduction of control algorithm. In recent years, investigators have shown that by perturbing a chaotic system in right way, one can force the system to follow one of its many unstable behaviors. With proper, control one can rapidly switch among many different behaviors. This gives a clue to improve the response as well as the domain of operation in systems that exhibit chaos for some parameter values.
Ott, Gebogi and York [5] developed a method, popularly known as OGY method, to stabilize unstable periodic orbits of a chaotic attractor. The formulation of OGY method is based on the key ideas of designing a controller by discrete system model obtained by linearization of the poincare map and applying the control action in the form of small change of accessible parameter of the system only at the instants when the trajectory returns to close neighborhood of the desired unstable orbit such that the next intersection with the Poincare section puts the trajectory on the desired stable manifold.
The stabilization of unstable periodic orbits of a chaotic system was achieved by delayed self controlling feedback [6] .Various methods to control chaos in different chaotic systems have been developed. An overview of different approaches to the control of chaos for various nonlinear dynamic systems has been reported by G.Chen el al [7] .
These methods are applied to nonlinear systems that are expressed by nonlinear differential equations. The PWM controlled dc shunt drives under investigation are linear in nature but bifurcation and chaos occur in these systems are due to switching nonlinearity. Hence there was a need to develop a method suitable for circuits with switching nonlinearity taking advantage of the linear nature of the system.
Methods to stabilize unstable periodic orbits in dc-dc converters which are also piecewise linear with switching nonlinearity have been proposed [8, 9, and 10].
I.H. Chen et al used delayed self-controlling feedback to stabilize PMDC drive [II] . This enables to stabilize the dynamics of the system to period-l or any sub harmonic period.
In this work, an attempt is made to develop a simple control algorithm, using piecewise linear structure of the dc drive to control any unstable periodic orbit of the chaotic attractor. The control strategy is to fmd the fixed point corresponding to the periodic orbit that to be stabilized. Once the trajectory comes very near to the target fixed point, control is applied in the form of change of any parameter so that the chaotic trajectory follows the target trajectory and stabilizes to that. This method differs from the OGY method in the sense that no local linearization of the Poincare map is needed to apply the control logic and it is a method that directs the trajectory to a fixed point rather than a stable manifold as in the case of OGY method.
II. THE SYSTEM.
A voltage controlled chopper fed dc shunt drive is a combination of input dc voltage, switch, dc shunt motor, speed sensor, mechanical transmission system, mechanical load, and electronic controller. The schematic diagram of the dc shunt drive circuit is shown in Fig.l . The motor speed W is controlled by constant frequency pulse width modulation (PWM) technique. The output of the speed sensor (w) is compared with the reference speed (Wref) in the comparator AI. Then the output of the comparator Aj (Vco) is fed to the comparator A2 and compared with a constant frequency saw tooth shaped voltage waveform (ramp voltage). The output of the comparator Az is used to tum the switch of the chopper drive on or off. When the control signal V co exceeds the ramp voltage, the switch is off. At this point, the diode 0 becomes forward biased and armature current freewheels through it. This freewheeling diode is assumed to be ideal. The switch is turned on at the instant when V co becomes less than ramp voltage. This makes diode 0 reversed biased and off. The switch in the schematic diagram is implemented with TGBT. The switch can also be implemented by any other semiconductor switches e.g. MOSFET, SCR, Transistor etc. 
III. MODELING OF THE SYSTEM
The dc motors are generally used in the linear range of the magnetization curve. Therefore, the air gap flux <p is proportional to the field current. For armature controlled motor, the field current is held constant. Therefore, the torque developed by the motor, which is proportional to the product of the armature current and air gap flux, can be expressed as Ktla,. The counter electromotive force (back emf) developed in the armature of the motor, which is proportional to <p and w, can be expressed as Kew where Kt and Ke are the constant of proporti onal ity.
This electrical equivalent circuit of the chopper fed DC shunt drive is shown in Fig.2 . The armature of the dc shunt motor is equivalent to a series combination of armature resistance, Ra, armature inductance, La ,and back EMF, Kew. The torque produced by the motor is used to run the mechanical load connected to the shaft of the dc motor. The torque developed by the motor balances the load torque having different components. The different components of load torque are inertia torque, damping torque and load torque. The inertia torque is represented by an inductor, the damping torque by a resistor and load torque by a dc voltage source. The speed, w, is sensed as the voltage drop across a resistance of 1 ohm.
The operational amplifier Al has a gain G. The control signal V co is expressed as V co = G( OJ -OJr e! ) where wa nd The system can be divided into two stages depending on the switching conditions.
Stage-I:
The switch will be on when V co <Vramp. The corresponding system equations are:
The switch will be off when V co> Vramp The corresponding equations are:
Where ia is armature current, Ra is resistance of armature winding, La is inductance of armature winding, V is applied armature voltage, Ke is back emf constant, Kt is motor torque constant, B is equivalent viscous friction coefficient of the motor and load referred to motor shaft, J is equivalent moment of inertia of motor and load referred to motor shaft and TI is load torque.
Equations (1) and (2) By defining the state vector X(t) and the following matrices A, EJ, Ez (5) The system can be rewritten as (6) Where K= 1, 2. K changes the value depending on "ON" or "OFF" condition of the switch.
Thus, the closed loop drive system is a second order non autonomous dynamical system.
With initial condition X (to), the analytical solution of the system equation given by (6) can be expressed as The complete picture of dynamics of the system in terms of periodicity i.e. sub harmonic and chaos and route to chaos can be obtained from the bifurcation diagram. The bifurcation diagrams are drawn observing Xn of any of the state variables that describe the system at which (t = tn) this state variable reaches a maximum. Fig. 3 shows the bifurcation diagram of armature current for input voltage as the parameter. The dc shunt drive follows period doubling route to chaos. It is evident from the bifurcation diagram shown. Period-I continues up to 135.5 volts and then it bifurcates to period-2. The chaotic behavior is observed after period-2. It is evident from the bifurcation diagram that chaotic behavior of the drive extends to a large portion of the bifurcation diagram. We can have two attractors for the same value of parameters for different basin of attraction. The basin of attraction is defined as the set of points in the state space such that initial conditions chosen in this set dynamically evolve to an attractor. The existence of coexisting attractor in dc shunt drive is shown in Fig. 3 .
For normal operation of the drive, it is necessary to have stable period-l orbit behavior of the system. This is achieved by stabilizing unstable period-l orbit embedded in the chaotic attractor. It is also possible to stabilize unstable orbits of any periodicity embedded in the chaotic attractor under consideration. The unstable periodic orbits can be stabilized taking advantage of linear equations (3) and (4.). The solutions of the state equation are given in (7), (8) and (9) . Fig. 4 shows the time plot of ramp voltage and Veo showing switch on and switch off instants. If X(to), the value of state vector at the instant of switch on and X(t), the value of state vector at the instant of switch off , X(to) can be directed to X(t) by application of input to the system. This strategy is used to stabilize unstable periodic orbit embedded in the chaotic attractor under consideration. We can fmd out the value of state vector at the instant of switch on and switch off corresponding to the unstable periodic orbit that to be stabilized. If X(to) can be directed to X(t) by application of an input, the desired unstable orbit can be stabilized.
This method of control is very general and applicable to any piecewise linear systems with switching nonlinearity.
The first step of the proposed method is to find out the unstable trajectory that needs to be stabilized. Let Xon( I) and Xon(2) be the values of state variables at the instant of switching, Xoff(l) and Xo1lC2) are the corresponding values at switch off. We define
If unstable period-I orbit is to be stabilized, then period-l fixed point at switch on and off can be found out from the condition
Xonn+1
= Xonn and Xoffn+l = Xoffn * Xoff* The fixed points are denoted as Xon and Now from equation (9), we have Xoff=-A-IE I +¢(T -to)(Xonn +A-IE I )
(Xon n +A-I E I ))+A-I E2}
Hence the dynamics of the system can be expressed as
(12)
Where P is an accessible parameter or input to the system that can be varied to achieve stabilization The parameter or input to the system, P, needs to be changed when the trajectory is close neighborhood of the fixed point Xon * corresponding to the unstable periodic orbit that needs to be stabilized. The time required by the trajectory to travel from Xon * to Xoff* is known from the equation of ramp voltage. Thus it is a problem of targeting Xoff* from Xon * by the change of the parameter P.
V. THE RESULT
The method of stabilization of unstable periodic orbits of dc shunt drive has been verified numerically with the following parameters of the motor. 8=0.000275 Nm/rad/s, J=0.00557 Nmlrad/s 2 , L=53.7 mH, KT=0.1324 NmlA, KE=0.1356 Nm/rad/s 2 , R=2.8 ohm, Wref=IOO rad/s, TI=0.38 Nm, The ramp voltage varies from 0 to 2.2 volts in 10 ms.
The method of stabilization of unstable periodic orbits that has been developed is general in nature. It can stabilize the period-I and other sub harmonic orbits with period-Po In this work we have stabilized period-l unstable orbit. ., The value of electrical time constant and mechanical time constant of the motor are different. The speed waveform takes little more time to reach steady state. This is evident from the Fig.9 . The plot of nature of variation of input voltage with time is also shown in Fig. 10 . It is seen that the input voltage becomes constant at 210 V after 0.66 seconds. This is also observed from Fig. 11 , where the euclidean distance between state vector and fixed point, at the instant of switching called as error has been plotted. The error becomes near to zero at 0.66 seconds showing that the trajectory converges to the period-I fixed point.
This shows that the period-I unstable orbit is stabilized. 
VI. CONCLUSION
It has been shown that the unstable periodic obit of chaotic attractor of dc drives can be stabilized by targeting the fixed points corresponding to the unstable periodic orbit that need to be stabilized with the help of variation of a desired parameter of the system . This method of control of chaos is suitable to systems like dc drives that are linear except during switching. The computation of the appropriate value of the parameter that needs to be applied to stabilize a particular orbit is simple. It only requires a state equation to be solved.
